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ORBITER WINDWARD SSRFACE ENTRY HEATING:
POST-ORBITAL FLIGHT TEST PROGRAM UPDATE

M. 4. Harthun, C. B. Blumer, and B. A. Miller
Space Transportetion and Systems Group
Rockwell International
Downey, California

SUMMARY .

Correlations of orbiter windward surface entry heating data fcom the first
five flights are presented with emphasis on boundary layer transition and the
effects of catalytic recombinatiou. Results show that a single-roughness boundsry
layer transition correlation developed for spherical-element trips works well for
the orbiter tile system. Aiso, an engineering approach for predicting heating in
nonequilibrium flow conditions shows good agreement with the flight test data in
the time period of significant heating. The results of these correlaticns, when
used to predict orbiter heating for a high-cross-range mission, indicate that the
thermal protection system on the windward surface will perform successfully im such
a mission.

INTRODUCTION

The design of the orbiter thermal protection system (TPS) was based on the
following logic: the moet severe operational mission was selected to defime the
design heating enviromments, but nominal trajectciy parameters, nominal heating
methods, nominal material properties, and an aerodynamically smooth surface were
assumed in order to save weight. Sszfety margins for the flight test program were
created by the lower orbit inclinations and reduced cross range requirements during
these flights, vhich reduced the severity of the thermal enviromments. The aero-
thermodynamic otjective of the flight test program was to obtain data to update the
heating methodology, which then could be used to support verificatiom of the TPS
for operational use. To this end, development flight instrumeatatiom (DFI) waa
installed on the vehicle to obtain data in critical locatioms. Data from the
flight test program were expected to demonstrate that margins would also exist for
the operational missions, even though a nominal design approach had been taken.

This paper presents the projected operatiomal capability cf the TPS (specifi-
cally the windward surfaces) in light of the lessons learned from the flight test
program regarding entry serodynamic heating.
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SYMBOLS

constact in equation 7

frozen specific heat
gravitational constant

local heat transfer coefficient
enthalpy

rouéhness element height
orbiter referemce length

Mach number

constant in equztion 7

local pressure

heat flux

trip. Reynolds nuxber, Psugkiug
trip position Reynolds number, CgusXy/ig

displacement thickness Reynolds number at the trip position for
effective trippirg, Pgugi*/ug

momentum thickness Reynolds nuwmber, QSUSS/US
universal gas coastant

teﬁpetature

velocity

axial courdinate

trip position measured from stagnation pcint
transiticn position measured from stagnation point
spanwise coordinate

compressinility

angle of attack

displacement thickness of boundary layer

momentum thickness of boundary laver
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o} density

M viscosity
n defined In equation 6 ¢
Yr defined iIn equation 7

Subscripts

aw adiabatic wall

D dissociation

eff effective

eq equilibrium

f frozen

ne nonequilibrium

w wall conditions

8 boundary layer <dge conditioas

FLIGHT TEST PROGRAM

Flight Counditions

The Orbital Flight Test (OFT) program comsisted of fou: flights, STS-1 through

—-4. Aerodynamic heating data were acquired by a DFI system with an on-board
recorder. The fiftk flight, STS-5, although an cperational flight, also provided
aercheating data since the DFI system was utilized. In all five flights, the
orbiter eatered the atmosphere from low Earth orbits at inclinatioms ranging from
28.5 deg to 40 deg. Peak heating generally occurred when the vehicle angle of

attack was 40 deg, and the thermal equivalent cross range flown was approximately
720 mmi.

Instrumentation

The entry aerodynamic heating data on the lower surface of the orbitesr were
obtained primarily from thermocouples installed in the outer surface of the high-
tempercture reusable surface insulation (HRSI) znd in contact with the reactiom
cured glass (RCG) tile coating. These instruments, fabricated from a 10-mil
platinum-platioum 13—percent rhodium wire', were located as shown' in figure 1. In
addition to the thermocouples, the lower fuselage surface was instrumented with
pressure -aps and calorimeters. A more detailed description of the DFI systex caa
be fournd in reference 1.
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RESULTS AND DISCUSZiON

Data from the flight test program show that heating on the upper surfaces was
generally less than predictions based on wind tunnel test data. The exception Is
the area influenced by the vortex emanating from the ving-glcve/body junction.
This area ircludes the fuselage side, payload bay door, and orbital maneuvering
subsystem (CMS) pod. Possible rcasoms for the higher heating in flight are
presented .n reference 2.

The lower surfaces experienced less ileating than expectec during fligﬁt dre ra
two phenomena: delayed boundary layer transition and reduced catalvtic recombiza-
tion. Therefore, this paper focuses on the knowledge gained ‘rom the flight tes:
program with regard to these two topics.

Boundary Layer Tramsition

One of the major considerations ir Ccfining the entry heating environment was
the time at which boundary layer transition occurs. The design philosophy was :3
specify the heating enviromment with a "smocth surface" transition. Smooth surface
transitioa was Jdefined as the transition conditions measured on a smooth wind
tunnel model and correlated and extrapolated tc flight by using Rec/Mg5 = £ (angle
of attack, body locatiom). It wasg anticipated that the wind tumnel would provide a
conservative transition value due to free-st-eam turbulence and that transition
during flight would be induced by surface roughness.

Orbiter Surface Description. The TPS on the lower surface of the orbiter is
composed primarily of insulating tiles with nominal surface dimensions of 6 in. v
6 in. The tiles are spaced by nominal gaps of 0.045 in. during installation to
provide clearance for differential thermal expansion (contraction) between the tile
and the orbiter’'s aluminum structure during flight. The tile edges zre rounded :a
avoid stress concentrations in the glassy coating. Some tile surface irregulari-
ties exist due to manufacturing techniques or to surface slumping when the tile
coating is fired; in addition, installation tolerances result in steps between
tiles. The foregoing is mnot the description of an aerodynamically smooth surface;
in fact, the many combinations of steps, gaps, and tile irregularities produce an
incredibly complex surface in terms of roughness definition.

Several types of measurcments were 1sed to imspect the orbiter scrface. Stezs
and gaps between adjacent tiles were measired after installation. Subsequent
visual inspections indicated that in a significant cumber of cases, the step
measurements did not identify the worst steps. As a result, a "profilometer" was
built to measure the tile surface. The profilometer follows the principle of
microsurface analyzers but on a much larger scale. It traces a path 50 in. lcng ce=
the orbiter surface with three transducers spaced 0.25 in. laterally. An elec-
tronic plotter simultaneously plots che results, expanding the vertical scale 25
times so that a 0.00l-in. surface displacement may be resolved. .
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A typical trace is showmn in figure 2. Profile locations were selected on the
basiz of & visual inspection of the surface, always looking for the wvorst TPS
installations. A set of 16 of these locations was also measured after each of the
firsu four flights. No significant changes occurred from flight to flight at these
locations. Measurement variations within 0.015 in. wvere observed, which is almost
within the vari.tion of repeated setups at the same location.

During the evolution of the thermal protection system, exploratory wind tunnel
tests were performed ou smooth orbiter models that were grooved to simulate tile
gaps. It was discorered that grooves parallel to the curface streamlizcs produced
strong boundary layer tripping discurbances whereas grooves perperiicuiar to
streamlines produced much weaker disturbances. Subsequent experiments indicated
that a 15-deg angle between gap and flow direction was gufficient to avoid the
parallel-gap tripping effect. These observations resulted in the tile orientation
pattern shown in figure 1.

Analysis. To develop analytical tools to define allowable TPS installatiom
tolerances and further relate the completed orbiter surface configuraticn tc the
observed transition during flight, existing wind-tunnel-based boundary layer tran-
sition research was used. As previously stated, it was presumed that transiticn
would be caused by single or isolated roughness elements that are three dimensional
in character. The reasoning that leads to this assumption is as follows.

First, it has been demonstrated (ref. 3) that in supersonic flow three—
dimensional roughnesses (spheres) are mpre effective trips than two-dimensional
roughnesses {(wires perpendicular to flow). By analogy, tile edges where the step
and gap are uniform may be thought of as two-dimensional roughnesses and tile
corners or intersections as three-dimensional roughnesses. If the tile edge and
corner steps are the same, then the corner should produce the dominant disturbance.
Also, wind tunnel tests (ref. 4) showed that spacing three~dimensional roughnesses
laterally at a distance of four roughness heights (4k) was sufficient to prevent
interaction between roughnesses; that is, it allows each element to act ae if it
were the only roughness element present. The maximum anticipated roughness is omn
the order of k = 0.1 in.; therefore, disturbance spacing greater than 0.4 in.
ghould not cause interactionm.

Finally, figure 3 shows schematically how three-dimensional roughness size
variation affects transition location. In section A of figure 3, between and

the roughness has very little effect on the natural or smooth wall transitionm,
indicating that the roughness disturbances do not dominate the boundary layer

before they decsy. The region between and (:) is characterized by a small
change in roughmess size, causing & large change in transitionm position. The curve
to the right of agaia shows omnly a small change in transition position with

roughness size when transition is close to the trip. Point (:) is defined as the
weffective trip" size, i.e., the smallest trip that will cause transition near tae
trip. In this discussion, only the left side of figure 3, section A, up to point
g;) is of concern. Section B of figure 3 shows the effect of increasing trip size.
e boundary layer is very discriminating as to ‘he roughmess gizes that affect
transition. Since the roughness distribution was not expected to be uniform, a2
relatively small number of discrete roughnesses were expccted to cause transition,
and there was a low probability that these disturbances wonld interact with oce
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another. The conclusion was that single~roughness-element transition research
would be an appropriate basis for the analytical tools. (It will be shown latsr
that the observed transition patterns on the orbiter are corgsistent with the szlove
assumptions.)

Equation 6 of raference 5 is

T T 1/4 ,
Rey = 33.4 {1 + 0.90(-¥ -1) + D.28(_2% -1)] Re, 1)
'I'5 T5 k
vhich represents the conditions for an effective spherical element trip. This .

equation is for flow on a cone and includes variations in Mach dumber and heat
transfer. Referente 5 also notes that the bracketed term in eqration 1 is nearly
eaual to (§*/xy)./ Kexk. Empirically, equation 2 represents a slight improvemer=-:

* T T
é/ne,k =1.09 [1 +0.90(_¥ -1) + 0.28(_av ~1)] (2)
T T
§ §
Substituting equation (2) into equation (1)} yields
-1/4
k/§* = 30.7 Rey, (3)

which algso includes heat transfer and compressibility effects for flow over a come.
Equation 3, which matches the data of references 4 and 5 abour as well as the
previous equations, will be uszed to extrapolate to orbiter filight conditions
because of its simplicity. Fortunately, the aggmmption of corical flow also is z
good approximation for the orbiter lower surface for x/L = 0.5,

Figure 4 is a‘typical curve of effective rougloess size versus streamwise
location along the orbiter centerline at a specific flight condition as predictes
from equation 3. The displacement thickness (6*) was calculated 5y using a
finite-difference boundary layer computer code called GLTS (ref. 6). Obviously,
the nose and wing leading edge are the most critical regions fot surface roughness.

Wind Tup Tests. Wind tunnel tests were performed at Ammold Engineering
Development ( -er Tunmel B at My = 8 to vevify the applicability of equations 1 or
3 for the orbi.er configuration. Those cests used a 0.04-scale model of the
orbiter forebody (x/L < 9.5). For the first series of tests, spherical roughnessss
were mounted on the model at x/L = 0.05, 0.11, ¢r 0.17. The modess were solid
copper forward of the trip to provide an isothermal boundary layer from the stagrs—
tion point to the roughness. Aft of the trip, the models were made of sn alumina-
filled epoxy, and the phase-change paint techniquc was used to obtain transition
data. The roughness elements were spheres with diameters of 0.015, 0.020, 0.025,
and 0.031 in. These data are compared with the cone data of reference 5 in
figure 5. The second series of tests replaced the spherical rcughmess elements
with a simulated tile array, incl-ding gaps betweenm the tiles, as shown in
figure 6. One tiie in the array wvas displaced by suimming to create a step. Stess
varied from 0 to 0.025 in. at 0.005-in. increments in the previously mentioned x/>
stations. Gaps surrounding the stepped tile were 0, 0.010, or 9.020 in.

e
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The results of this series 2f tests were Less definitive than the results
for :he spherical roughness tests; towever, several conclusions were ncde:
(1) increasing the gap surrounding tZe stepped tile increased the tripping effect
of tze step; (2) with a 0.010-ia. ge> around the stepped tile, a step equal to
apprcximately ome half of the spherical rcughness diameter (height) produced an
equiralent transition patterm; and () the effect of the gap was most pronounced at
the isrward test statiom (i.a2., x/L = 0.C5). One variable that was nct incluced
was zie tile edge radius. The nodel tile edges are essentiaily shatp (as
machined), whereas the orbiter tile =dge radivs varies frcm about 0.050 tn 0.100
jn., or about the same as the observed steps. The edge radius may a2lso be a sig-
pifi-ant variable when the step, edge radius, and thz2 adjzcent gap are all rougaly
the :ame dimension. Referen-e 7 sbgzests that increasing the solid volume at the
top :f the trip (i.e., reducing the =Gcge radius) increases the effectiveness of tie
trip; however, the observed factor of two in trip size is much larger than trip-
shape-factor effects previously obcerved.

7light Test Results. The orbitexr flizht test program provided a Loundary
layer traumsition experimeat of tapreceiented proportion. Five flights were made
witn the DFI system operating. Tracsition-sensing instrumentation om the lover
surizce consisted of 94 platinum—platinum, l13-percent rhodium thermocouples
instzlled in the tile outer surface coating and distributed over the left side of
the crbiter with one thermocouple onr the right wing tip as shown in figure 1. Data
were recorded for each instrument at oae-second intervals throughout the entry. A
typical surface-temperature-versus—time cecord is shown in figure 7. The gurface
temperature is practically equal to radiation equilibrium temperature. The DFI
data were recorded on bdoard and telemetered in real time. Teleanetered data were
restricted to the latter part of entxzy because the orbiter was out oi range of tkte
receiving antennas early ‘v the enmtry. (2 £1ights’ STS-1 and -4, failure of the
on-bsard recorder limited the data.

In figure 7, the beginning of t—ansiticn is the departure from the laminar
temperature at 1,263 sec; the erd of tramsitionm is the atraimment of the turbulent
temperature at 1,280 sec. The Leginming of tramsition is used hereafter to corre-
late transition events. The trzmeition jnterva! is the difference between the
begiming and end of tramsition 2zd is cuaracteristically i=ss than 30 sec for
fligkt test data, which represeunts 2 charge in the Reynolds number of less than 20
perceat. This abrupt transition zome is onme indicatica of roughness—induced tran—
sitico. Another indication of roughness—aused trzmsition is the sudden forward
movenent illustrated in sectiom A of figure 3. For the fiight test data,
rouginess—-caused transition is ganifested as the simultaneous transition over some
regim of the surface observed in the data. Section B of figure 3 shows that trza—
sitica caused by an effective roughress origirates from a point somewhat downstream
of tte roughness and then spreads as 3 wedge of turbulence. This wedge crosses
stre:mlines at a constant angle between 5 deg and 7 deg ferx supersonic boundary
layer edge Mach numbers froa 2 to 4, respectively (ref. 3). For a conical flew,
the toroulent spreading still crcsses streamlines at the above angle, but the
turbrient front takes on a curved skazpe due to the stresmline spreading. To map
the rransition regions on the crbitew, regions c¢f comstant transifion time were
assoztated with ome tripping eveat. Again, the results were consistent with the
ascumption that single roughness elements cause transitior. :



Figures 8 through 12 show patterns developed from the flight test data. A
spreading apgle of 7 deg (issuming a conical flow field) appears to best fit the
éata althcugh some variatioms might be expected due tc surface Mach pumber and
surface flow field variations with orbiter angle of atrack zt the transition tim=e.
The spacing of instruments also causes some uncertainty in the position of the
transitiva f-o-ts. Thermozouple locations are indicated on the maps. Surface
strezoline patterns were deve'oped from contemination streaks on the TIPS surface
after STS-). These paiterrs agreed with wind tunnel oil flow patterns used for
the conical flow field as~umption F-r x/L < 0.5. Stresk patterns were used fo.
%L > 0.5.

For the first flight, STS-1, surface temperature cata were only avaiilable
after 1,050 sec entry time (entry time = 0 sec 2t altitude = 409,000 rt) duz to =
failure of the on-board recorder. At the time of data acquisition, the flow on =he
art fuselage and right wing tip instruments was turbulemt. Pcstflight imspecticm
revesled 1 gouge in a tile on the right rose landing gear door (NLGD) that wzs
approximately B in. lomg x 1 in. wide x I in. deep. Plotting the turbulent spremd-
ing frem this anomaly gives the patternm shown in figure 8. Tramsitiom time for
this roughr»ss was set at about 1,000 sec based on an iIncrease in the axial furce
coefficient alcng with zn elevon asymmetry indicating higher drag om the right
side. The asvmmetry disappeared at 1,252 sec wheun the Zeft-hand nose tripped. The
tripping event at 1,252 sec is significant because it was repeated for flights
STS--1, -2, -3, and -5, and because it was the event that affected the largest suzfacs
are» on subsequent flights. It is observed that transitionm is propagated along =he
wing stagnation streamline (i.e., transiticn along the wing leading edge occurs &C
‘the same time as transitiom on the forward fuselage). After the flight, the lef=
NLGD surface was inspected visually for large tile steps. The largest apparent
step, measured at 0.085 in., was at a lateral tile cornmer at x/L = 0.056 ard y =
10 in. This is the projection shown in the profilometer trace in figure 2, Sur—
prisingly good agreement exists between this roughress Iccation and the forward
ex:trapolation of the turbulence spreading zoxz. Equatiom 3 gives an effective,
rougkpess height of 0.080 in. for this location at 1,252 sec., It appears that
equation 3 works quite well without an adjustment for roughne<s shape factor.

Two otter forward fuselage tripping events occurred at 1,140 sec and 1,230 sec
(fig. 8).

Figure 5 2150 shows that transition occurs on the wing at timer ranging from
1,150 sec to 1,735 sec. The number and locationm of thermocouples in euch turbulemt
wvedge do not define the apex of the wedges accurately emough to identify a specifi:z
roughness for each tripping event; however, the tripping appears to Le releted to
the wing leading edge or the tile interface regicn immediately behind the leadimgz
edge. The boundary layer on the swept-wing leading edge is aiready umstable, izdd-
cating that the azllowable roughness on the leading edge must be less than in the
nose region to produce the came tramsition time, assuming similar roughnesses exz st
on the wing and on the fuselage. The inboard turbulent wedge is caused by the main
landing gear docr outbcard edga. WNote the two tramsition times (i.e., 1,193/1,27%
sec). This notation designates a significant tramsitium event followed by a retwrm
to or aovemeat toward a laminar surface temperature, followed by a second transi—
ticn. ' The last time is the beginning of the tramsition that stays turbulent. Ix,
this instance, a dip in the angle cf attack causes the roughness not to be an '
effective trip from 1,200 sec to 1,226 sec. Tramsition oo the elevons occurs from
before data acquisition at 1,050 sec to 1,155 sec and can be associated with the
ving/elevon gap and elevoa deflection angle.
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The STS~2 and STS-1 trajectories were similar, and as figure 9 shows, the
transition patterns and times were also gimilar. The primary difference was the
absence of the gouge on the right hand nose during flight two. Significantly earl;
transiticn occurs only downstream of the external tank sttachment door and on the
body flap of the aft fuselage for STS-2. The left NLGD tripping event occurs at
* 1,263 sec in STS-2 and appears to extrapolate forwsrd to *fe same roughness loca-
tion as in STS-l. An aft fuselage tramsitiom at 1,250 sec is extrapolated forwar’
to thc right NLGD; however, uncertainty in this location is noted. The wing
pattern is substantially the same a8 in STS-1. The early tramsition on the body
flap (i.e., between 500 sec and 700 sec) can be attributed to boundary layer separ-
ation caused by the flap's 15 deg down deflectionm.

STS-3 results (fig. 10) are similar to STS-! and STS-2 with earlier transition
tiges due to trajectory differemces. Alsc, the transiticn pattern is scmewhat more
complicated. A substantial portiom of the fuselage and ving transition occurred at
1,180 sec but appeared tentative and finally occurred 13 sec later. The origin of
this event is assigned to the NLGD centerline thermal barrier. The left NLGD trip~
ping occurred cleanly at 1,293 sec and overran the tentative 1,180 sec event.

Right side events occurred at 1,i12/1,145 sec and at 1,162 sec with the double time
explainable as an a transient. The wing pattern closely resembles flights oze and
twe. Right-hand-side transition events rust be inferred from downstream patterns
that cro8s the centerliue or affect the right-hand wing tip.

Results from STS-4 (fig. 11) are notably different from the previous tlighkts
in that transition occurred over almost the entire lower surface due to a single
tripping event at 1,030 sec. The apex of the transition appears to be in liu=2 with
the microphone on the left NLGD. Ome significant differemce was that tramsitioc
occurred when the angle of attack was 40 deg rather than 32 to 34 deg for STS-1
through -3. R :

The STS-5 tramsition map is shown in figure 12. A right-side avent is rcoted
at 1,093/1,121 sec on the aft fuselage whereas the right wing tip tripped omly at
1,121 eec, indicating that the 1,093 sec event is not far enough fovward to spread
ontc the wing. The 1,l15-sec event is comsistent in locatiom with the left-hand
NLGD tripping om flights 1 through 3. Tripping occurred near the front of the left-
hand NIGD at 1,145 sec. Less wing tripping vas evident during STS-5 tham on the
first three flights.

To compsre data from each instrumented flight, equation 3 was used to calcu-
late the size of a fictitious rcughness at X/L = 0.1 at the time of tripping in the
le.t NLGD region. Results are presented in table I. The calculations indicate a
nearly ccnstant effective roughness size (kzy = 0.113 in.) for flights -1 through -3
and -5, even though the trajectory parameters changed substantially. The larger
rouzhness (keff = 0.133 in.) calculated for $TS-4 has not been explained, but this
roughness size is large enough to cause tramsition before the observed wing trip-
ping times on the otker flights. This could explain the zingle-event trippiag in
STS-4.

It is concluded that: (1) a single roughness site o~ the left NLGD tripped
the boundary layer on four of the five flights; (2) this roughuess (keff) remained
esseatially unchanged through the flight test program; (3} transiticn from this
roughness was obscured by earlier tramsitice from a larger roughess in S§TS-4; and
(4) au analytical method that predicts the effective roughness size has bzen
extended from wind tunnel conditioms to entry flight ccoditions.

.~



Catalytic Recombiration

The design of the orbiter TPS -sas accomplished by predicting heating based on
the asgumption of equilibrium flow. The methods used are described in reference £.
The apprcach to predict heating on the lower surface of the orbiter crmsisted of
breaking the vehicle dewn inte simple geometric shapes, ~redicting the hesting for
the assumed shape and modifying the predictiom to match wind tunmel data. The
resulting correlation was extrapolated to flight conditions using real-gas proper-
ties. The methods are incorporated in the Rockwell International Aerokeating
Computer Program (ref. 9) which was formulated as a design instrument to estimate
ascznt or eatry heating for simple g:ometric shepes. Am irability to credict non-
equilibrium boundary layer heating and a lack of knowledge about the catalytic
behavior of ‘e TPS tile coating precluded a derign approach based on these phenocm-
ena. However, results from plasma arc heater tests during the TPS development tzst
Program indicated the inkibiting characteristics of the tile baseline ccating may
reduce aerodynamic Leating. During the test program, the heating to the IPS coat-
ing ia a plasma environment could be approximated by using

. ) Hay~Ey-nHp ()
QresT T deq
- HoyrBy

vhere n wvas found to be 0.7 + 0.1 {ref. 10). However, characterization of the dis—
sociated nonequilibrium gases produced by the arc heaters was difficult and the
tile coating vas often contaminated. These phenomeza precluded a confident updare
of the aeroheating predictiocn ==zrhods prior to the OFT program.

_ Analvsis. Flight test data from ST3-1 were acquired only during the last paert
of the entry trajectory. As a result, little was learned reiative to the catalyric
recombingtion characteristics of the orbiter TP3. During the second flight, data
were ecquired throughout the entry profile. The results showed that during the
_aminar flov regime, the heating over the fuselage lower surface was sigrificantly
less than predicted by the equilibrium heating methods (fig. i3). This data pre-
szated good insight into the potential reduction of aeroheating due to tne inhibit-
iog characteristics of the TPS coating. Ia addition, in STS-2, the orbiter experi-
ments (DEX) catalytic surface effe:ts (CSE) experiment sponsored by the XASA Ames
Research Center was initiated. The results from tk-s experiment dramatically
1llustrated the significance of catalytic recombination on the orbiter entry hea:-
ing. Thes: experiment3s were continued in subsequent flights and the results
Teported in other sour.es such as references 11 and 12.

To estimate the effects of a partially catalytic wall on aercheating, equa-
tion 4 wss applied to ovbiter entry with consideration for frozen boundary layer
properties: .

~~
\n
e

. ] (Hay - Cprw - nip
dne = deq [

(Bgy ~ Hv)eq
By reviewving ‘and interpreting the rezults of research in the field of nomequilib-

riun aeroheating, a relationship wrs obtained for n ir terms of flight variables
and the thermockemical properties of the TPS tile surface:
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The variable, 73, represcats the nusber of recombined stoms of oxyeen and nitrogen

—pormailized Yy the tctal uumber of uncombinaed atoms at the edge oI the Loundary

layer. An Z:rhenius relation was assumed Zcr ¥

R
Yz = § 22 {~C/T,) (

~
W4

The DFI data from ST3-2 war used to detzrmime the values fc: I aad C. The resulc-—-
ing corre'ation is

Yg = €.05787 EXP (-6876/T,.

o~
oa
N

The nonequilibrium aerohectin; was ~stimated by using equatioms 5, 5, and 8.

Flight Test Resuits. When this semi-empirical technique is applied to the
STS-2, trajectory results are as shown in figures 13, 14, and 15, wherz surface rtem—
perature data and predictions are compared as a function of time at three statiozns
alonyz the fuselage lower ceaterline. Figure 13 also includes a prediction for
equiiibriuw flow using the uerhodology referred to earlier. Pigure 16 shows a
crossplot of figures 13, 14, and 15 at twc times duripg the trajectory. The second
time cut selected was 1,200 sec since this is just vricr to the time of boundary
layer tramsition and the prediction technique for nonsquilibrium heating has been
asgumed to be valid only during the laminar flow regime. The mavimum deviation
between the predi:tion mode! and datz for these two tice cuts is approximately
7 percent.

The results for STS-3 are shown in figures 17, 18, 13, and 20, and ia general
are similar to the -esults shown for STS-2.

Both figures 16 and 20 show excellent agreement batween estimated surface tem—
perature and measured flight temperature diz:ributions for the later flight times.
These times correspond to the onset of flow t-ansit:om and the approach of the
free strz2am to equilibrium chiemisiry condi*“ons. This would enhance the validity of
the equilibrium heating technique. The results of analyses of S75-5 data are still
preliminary; however, a comparison of the cverall resulits with those from previous
flights is includad in tabie ITII.

Table II presents average temperature deviations bet een estimated and mezs—
‘ed valras in the time period between 400 and 1.100 sec for three orbiter flights,
. 3-2, -3, ano -S. These datzs are remarkaibly ~onsistent and demonmstrate the accu-
racy o1 :he correlation (equation (5)) based on STS-2 flight data.

At the beginning of entry, 0 to 360 sec, ti_ results from this engineering
technique displayed larger differences compared to flight Zata than in the time
period from 400 to 1,100 sec. Thiz may U= for two reasous: the application of a
*sotinuum flow medel partially modified to accemnt for low demsity flow, 'and the
1 tication of a radiatiom equilitrium assumption ducing the time of significant
:oriuction into tiae TPS a2 compared to the incoming convec:ive heating. However,
lur.1g this time period. the impact of aercheating on heat load {structire tempe=—
itu.'e} or peak surface temperature is aot of major sign’ ficance.
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1PS Capability Projectiom

A preliminary analysis has been conducted to project the capability of the
orbiter TPS for flying high-~cross-range mlssions using the results from the OFT
program as discussed in this paper and applying them to the computed trajectory for
such a mission. The mission selected was entry from an orbital inclination of 104
deg with a cross-range requirement of 940 n.mi. achieved by flying a 38 to 28 deg
angle of attack profile. Using the heat load of a one-foot-radius sphere as an
indicator, this mission is approximately 50 percent more severe than the worst of
the OFT flights and approximately 30 percent more severe than the TPS design tra-
jestory (fig. 21). Nevertheless, based on the favorable results of the OFT pro-
gram, it is projected that the windward surface TPS has the-capability to accom—
plish this mission. This conclusion is drawn by comparing the predicted maximum
surface temperatures and heat loads for this mission with TIPS design values. As
illustrated in table III, the maximum surface temperatures do not exceed the design
values. At most locations, the heat loads (driver for structure bondline temper—
ature) are less than the design values. Although there are locations where the
design values are exceeded, the vehicle can aczommodate these envirorments satis-—
factorily. Additional flight data and analyses are required to verify the TPS
capability. .

CONCLUDING REMARKS

Comsistent and reliable correlations of the orbiter flight test heating data
wvere obtained relative to boundary layer transitiom and catalytic recombimation.

-The application of these correlations in predicting the heating of the orbiter for

a high-cross-range mission indicates that the TPS on the windward surfaces has Lhe
capability for successfully performing this mission. This result tends to validate
the unique design approach used for the orbiter TPS. i

An understanding of boundary layer tramsition and catalytic recombination is
not ornly significant: for verifying the orbiter TPS, but is also helpful in the
design of effective thermal protection systems fox future entry vehicles, There~
fore, it is recommended that high priority be given to the continued analysis and
understanding of these phenomena. -
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